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(54) Lithium secondary battery, and process for producing the same 



(57) A lithium secondary battery, which comprises a 
positive electrode (2, 13, 31, 61), a negative electrode 
(4, 16, 32. 62) containing a lithium ion-storable/dis- 
chargeable negative electrode-active material and a 
lithium ion conductive, non-aqueous electrolytic solution 
or polymer electrolyte can have distinguished charg- 
ing/discharging characteristics and a higher safety, 
when the negative electrode material contains particles 
comprising carbonaceous materials and at least one of 
elements capable of forming a compound with Li; the 
elements have a melting point of at least 900°C and a 
thermal expansion coefficient of not more than 9 ppm/K 
at room temperature; the particles are embedded in a 
plurality of layers of the carbonaceous materials; the 
particles being subjected to a mechanical treatment to 
make particle sizes of the particles smaller than the ini- 
tial particle size in advance. 

FIG. 1 



FIG. 2 
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Description 

BACKGROUND OF THE INVENTION 

[0001 ] The present invention relates to a secondary 5 
battery using a non-aqueous electrolytic solution, and 
particularly to a lithium secondary battery having distin- 
guished charging/discharging characteristics such as a 
higher voltage, a higher energy density, a higher charg- 
ing/discharging capacity and a longer cycle life as well w 
as a higher safety. 

[0002] With miniaturization and weight reduction of 
portable electronic appliances, development of higher 
energy density batteries, particularly secondary batter- 
ies, has been keenly desired. A lithium secondary bat- is 
tery is now regarded as a promising candidate. 
[0003] Lithium secondary battery has a high volt- 
age and a high energy density and also a light weight, 
as compared with a nickel-cadmium battery, a lead stor- 
age battery and a nickel-hydrogen battery. However, a so 
lithium secondary battery using lithium metal as a neg- 
ative electrode-active material has problems of short 
battery life and poor safety because lithium tends to 
deposit on the negative electrode surface as dendrites, 
resulting in occurrence of an internal short-circuit to the 25 
positive electrode and inactivation toward the electro- 
lytic solution. 

[0004] To avoid risks of using lithium metal, lithium 
secondary batteries using lithium alloys such as Li-Pb, 
Li-AI, etc. as negative electrode-active materials have 30 
been developed. However, even these lithium second- 
ary batteries still suffer from problems of dendrite depo- 
sition and pulverization, so that no satisfactory battery 
life has been obtained yet. 

[0005] On the other hand, a lithium secondary bat- 35 
tery using graphite as a negative elect rode -active mate- 
rial has been developed and is now in practical use, 
where the graphite can store/discharge lithium ions by 
reaction of diffusing lithium ions into between the c 
planes of graphite or releasing therefrom, while it is 40 
more stable than the chemically active metallic lithium 
and is free from deposition of lithium dendrites, resulting 
in prolonged cycle life and increased safety. 
[0006] In case of using graphite as a negative elec- 
trode-active material, the discharge capacity is 370 as 
Ah/kg at most. To increase the capacity of the lithium 
secondary battery, it is indispensable to use negative 
electrode-active materials of higher capacity. The nega- 
tive electrode-active materials of higher capacity 
include Al, Pb, etc., i.e. elements capable of forming so 
intermetallic compounds with Li, but suffer from a rapid 
cycle deterioration when used alone or in combination 
with electroconductive particles as a negative elec- 
trode-active material, and thus have not been practically 
used as a negative electrode-active material. 55 
[0007] There are many proposals for using negative 
electrode-active material comprising particles including 
an element capable of forming a compound with lithium 



and a carbonaceous material in a lithium secondary 
battery (JP-A 5-286763, JP-A 6-279112, JP-A 10- 
3920). However, since elements having low melting 
points such as Sn (m.p. 232°C), Pb (m.p. 327°C), Zn 
(m.p. 419°C), Al (m.p. 660°C), etc. are usable as the 
element capable of forming a compound with lithium, 
there is a fear of unexpectedly lowering properties of the 
products due to aggregation and agglomeration due to 
melting when carbonization treatment is conducted at 
800°C or higher. Further, since elements having higher 
thermal expansion coefficients such as Sn (22.0 ppm/K 
at 25°C), Al (23.1 ppm/K at 25°C), Mg (24.8 ppm/K at 
25°C), Pb (28.9 ppm/K at 25°C), etc. are usable as the 
element capable of forming a compound with lithium, 
there is a fear of failing to maintain adhesiveness to car- 
bon during carbonization treatment and cooling, result- 
ing in incapable of maintaining the particle shape. 
[0008] Further, Japanese Patent Nos. 2948205 and 
2948206 disclose negative electrode materials contain- 
ing 30 to 90% by weight of silicon. But since silicon is 
simply mixed with a carbonaceous material and sin- 
tered at 600 to 1400°C under non-oxidative atmos- 
phere, uniformity of the quality of the negative electrode 
materials and improvement of the quality thereof cannot 
be expected. 

BRIEF SUMMARY OF THE INVENTION 

[0009] An object of the present invention is to pro- 
vide a lithium secondary battery with a higher capacity 
and a longer cycle life and a process for producing the 
same. 

[0010] According to the present invention there are 
provided a lithium secondary battery, which comprises 
a positive electrode, a negative electrode containing a 
lithium ion-storable/dischargeable negative electrode- 
active material and a lithium ion conductive, non-aque- 
ous electrolytic solution or polymer electrolyte, the neg- 
ative electrode-active material containing a 
carbonaceous material and particles comprising at 
least one of elements capable of forming a compound 
with lithium, the elements having a melting point of at 
least 900°C and a thermal expansion coefficient of not 
more than 9 ppm/K at room temperature (25°C), the 
particles being embedded in a plurality of layers of the 
carbonaceous materials, and the particles together with 
a carbonaceous material being subjected to a mechan- 
ical treatment to make size reduction in advance; a 
method for using the same in an electric car as a battery 
assembly; and a process for producing the same. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] 

Fig. 1 is a cross-sectional schematic view of a coin 
type lithium secondary battery according to the 
present invention. 
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Fig. 2 is a cross-sectional schematic view of a lith- 
ium secondary battery according to the present 
invention. 

Fig. 3 is an assembly view of a positive electrode, a 
negative electrode and a separator for the present 5 
lithium secondary battery. 

Fig. 4A and 4B are a top view and a cross-sectional 
schematic view of a square type lithium secondary 
battery according to the present invention, respec- 
tively. 10 
Fig. 5 is a perspective view of a square type lithium 
secondary battery according to the present inven- 
tion. 

Fig. 6 is a cross-sectional schematic view of a cylin- 
drical type lithium secondary battery according to is 
the present invention. 

Fig. 7 A and Fig. 7B are a top view and a cross-sec- 
tional view o? a cylindrical type lithium secondary 
battery assembly according to the present inven- 
tion, respectively. 20 

DETAILED DESCRIPTION OF THE INVENTION 

[0012] 

25 

[1] The present invention provides a lithium second- 
ary battery, which comprises a positive electrode, a 
negative electrode containing a lithium ion-stora- 
ble/dischargeable negative electrode-active mate- 
rial and a lithium ion conductive non-aqueous 30 
electrolytic solution or polymer electrolyte, the neg- 
ative electrode-active material containing a carbon- 
aceous material and particles comprising at least 
one of elements capable of forming a compound 
with lithium, the elements having a melting point of 35 
at least 900°C and a thermal expansion coefficient 
of not more than 9 ppm/K at room temperature 
(25°C), the particles being embedded in a plurality 
of layers of the carbonaceous materials, and the 
particles together with a carbonaceous material 40 
being subjected to a mechanical treatment to make 
size reduction in advance. 

The carbonaceous material for embedding said 
particles comprises a carbonaceous material (A) 
and a carbonaceous material (B), the carbona- 45 
ceous material (A) being enclosed by the carbona- 
ceous material (B). The carbonaceous (A) embeds 
said particles and is enclosed by the carbonaceous 
material (B), and has a smaller d (002) interplanar 
spacing by X-ray diffraction than that of the carbon- so 
aceous material (B). 

The carbonaceous material (A) embedding 
said particles is enclosed by the carbonaceous 
material (B), and the carbonaceous material (B) is 
harder than the carbonaceous material (A). 55 

The carbonaceous material (A) embedding 
said particles is enclosed by the carbonaceous 
material (B), where the d (002) interplanar spacing 



by X-ray diffraction of the carbonaceous material 
(A) is in a range of 0.335 nm to 0.345 nm. 

The carbonaceous material (A) for embedding 
said particles is enclosed by the carbonaceous 
material (B), and the carbonaceous material (B) is 
amorphous. 

The element capable of forming a compound 
with lithium must have a melting point of at least 
900°C; because of the necessity of carbonization 
treatment at 800°C or higher after mixing with a car- 
bon precursor and because of suppression of 
aggregation and agglomeration due to melting and 
reaction with carbon. 

The element capable of forming a compound 
with lithium must have a thermal expansion coeffi- 
cient of not more than 9 ppm/K at room temperature 
(25°C), because the thermal expansion coefficient 
of graphite at about room temperature is 3.1 ppm/K 
and increases with increasing temperature to reach 
3.6 ppm/K at 527°C, and thus the element capable 
of forming a compound with lithium must have a 
compatibility with the thermal expansion of graphite 
so as to maintain particulate shapes in the course 
of carbonization heat treatment and successive 
cooling and also adhesion of the element to the car- 
bon. Good charging/discharging cycle characteris- 
tics can be obtained by satisfying this conditions. 

The element capable of forming a compound 
with lithium is preferably contained in an amount of 
55% by weight or less, more preferably less than 
30% by weight on the basis of sum total of the neg- 
ative electrode-active material. 

Together with the carbonaceous material, the 
particles comprising at least one of elements capa- 
ble of forming a compound with lithium must be,, 
subjected to size reduction in adavce by a mechan- 
ical treatment, preferably by disintegration using a 
ball mill, because particle size reduction by the 
mechanical treatment can give fresh surfaces to the 
element, thereby improving adhesion of the ele- 
ment to graphite. If the particle sizes of particles 
comprising the element are 1 \xm or less from the 
beginning, the particles will have a high risk of igni- 
tion due to oxidation at the beginning. Formation of 
an oxide film on the particles comprising the ele- 
ment to prevent ignition leads to deterioration of 
charging/discharging characteristics because of the 
increased content of the oxides as a whole. 

It is preferable that the element capable of 
forming a compound with lithium is at least one ele- 
ment selected from Si, Ge and Pt, preferably from 
Si and Ge. 

[2] The present invention provides a process for 
producing a lithium secondary battery comprising a 
positive electrode, a negative electrode containing 
a lithium ion-storable/dischargeable negative elec- 
trode-active material and a lithium ion-conductive, 
non-aqueous electrolytic solution or polymer elec- 
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trolyte, which comprises producing the negative 
electrode-active material through a step of embed- 
ding particles comprising at least one of elements 
capable of forming a compound with lithium in a 
carbonaceous material, and, if necessary, a step of 5 
mixing the product resulting from the preceding 
step with a carbon precursor, followed by carboni- 
zation, whereby the negative electrode-active 
material containing said particles as embedded in 
the carbonaceous material can be obtained. to 

The element capable of forming a compound 
with lithium is at least one element selected from Si, 
Ge and Pt, preferably Si and Ge and a method for 
using said lithium secondary battery in an electric 
car as a battery assembly is included in the present 15 
invention as well. 

[3] The present invention further provides a lithium 
secondary battery, which comprises a positive elec- 
trode, a negative electrode containing a lithium ion- 
storable/dischargeable negative electrode-active 20 
material and a lithium ion conductive non-aqueous 
electrolytic solution or polymer electrolyte, the neg- 
ative electrode-active material containing a carbon- 
aceous material and particles comprising at least 
one of elements capable of forming a compound 25 
with lithium, the particles being embedded in the 
carbonaceous material and the carbonaceous 
material comprising a carbonaceous material hav- 
ing a d (002) interplanar spacing by X-ray diffraction 
of 0.335 nm to 0.345 nm. 30 

The particles are embedded in the carbona- 
ceous material and have an average particle size of 
not more than 20 nm, the negative electrode-active 
material has a specific surface area of 1 to 100 
m 2 /g; the carbonaceous material has a peak inten- 35 
sity ratio of 1360 cm" 1 to 1580 cm* 1 being 0.15 - 1.5 
by argon laser Raman spectroscopy; and all inten- 
sity ratios of X-ray diffraction peak intensities of car- 
bides of the elements capable of forming a 
compound with lithium as contained in the particles 40 
to the background intensity are not more than 5, or 
the particles are embedded in the carbonaceous 
material, and have an average particle size of not 
more than 20 ^m; and all intensity ratios of X-ray 
diffraction peak intensities of carbides of the ele- 45 
ments capable of forming a compound with lithium 
as contained in the particles to the background 
intensity are not more than 5; the carbonaceous 
material has a peak intensity ratio of 1360 cm' 1 to 
1580 cm" 1 being 0.15 - 1 .5 by argon laser Raman so 
spectroscopy; and the negative electrode- active 
material has a specific surface area of 1 to 100 
m 2 /g, where at least two of the following require- 
ments (1) to (4) are preferably satisfied: 

55 

(1) the particles must have an average particle 
size of not more than 20 urn, 

(2) all intensity ratios of X-ray diffraction peak 



intensities of carbides of the elements capable 
of forming a compound with lithium as con- 
tained in the particles to the background inten- 
sity must be not more than 5, 

(3) the carbonaceous material must have a 
peak intensity ratio of 1360 cm* 1 to 1580 cm" 1 
being 0.15 - 1.5 by argon laser Raman spec- 
troscopy, and 

(4) the negative electrode-active material must 
have a specific surface area of 1 to I00m 2 /g. 

[4] The present invention provides a process for 
producing a lithium secondary battery comprising a 
positive electrode, a negative electrode containing 
a lithium ion-storable/dischargeable negative elec- 
trode-active material, and a lithium ion conductive 
non-aqueous electrolytic solution or polymer elec- 
trolyte, which comprises producing the negative 
elect rode -active materia! through a step of repeat- 
ing mechanical pressure welding of carbonaceous 
particles and particles containing at least one of 
elements capable of forming a compound with lith- 
ium and, if necessary, a step of heat-treating the 
product resulting from the preceding step, whereby 
the negative electrode-active material containing 
said particles as embedded in the carbonaceous 
material can be obtained. 

The negative electrode-active material is pro- 
duced by repeating mechanical pressure welding of 
carbonaceous particles and particles comprising at 
least one of elements capable of forming a com- 
pound with lithium or further by heat treatment at 
temperatures of 200 to 1,200°C, and the particles 
comprising the element being embedded in the 
resulting carbonaceous material, where at least 
one of the following four conditions are preferably 
satisfied: i.e., (1) the particles comprising the ele- 
ment has an average particle size of not more than 
20 nm, (2) X-ray diffraction intensity ratios of diffrac- 
tion peaks of carbides of the elements capable of 
forming a compound with lithium as contained in 
the particles to the background intensity are not 
more than 5, (3) a peak intensity ratio of 1360 cm' 1 
to 1580 cm" 1 of the carbonaceous material is 0.1 5 - 
1 .5 by argon laser Raman spectroscopy, and (4) the 
negative electrode-active material has a specific 
surface area of 1 to 100 mg/g, and further the d 
(002) interplanar spacing by X-ray diffraction of the 
carbonaceous material is 0.335 nm to 0.345 nm. 

The negative electrode-active material is pro- 
duced by mixing carbonaceous particles and parti- 
cles comprising at least one of elements capable of 
forming a compound with lithium with a carbon pre- 
cursor, followed by carbonization treatment. The 
negative electrode-active material contains the par- 
ticles comprising the element as embedded in the 
resulting carbonaceous material. 

The negative electrode-active material is pro- 
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duced by embedding particles containing at least 
one of elements capable of forming a compound 
with lithium in a carbonaceous material and then by 
mixing the resulting product with a carbon precur- 
sor, followed by carbonization treatment, where the 5 
negative electrode-active material contains the par- 
ticles as embedded in the carbonaceous material. 

The negative electrode-active material is pro- 
duced by repeating mechanical pressure welding of 
carbonaceous particles and particles comprising at 10 
least one of elements capable of forming a com- 
pound with lithium or further by heat treating the 
resulting product, thereby embedding the particles 
comprising the element in the carbonaceous mate- 
rial, and further by mixing the resulting product with 15 
a carbon precursor, followed by carbonization, 
whereby the negative electrode-active material 
containing the particles comprising the element as 
embedded in the carbonaceous material can be 
obtained. 20 
[5] The present invention provides a process for 
producing a lithium secondary battery, which com- 
prises: 



(a) a step of mechanically treating a carbona- 25 
ceous material (A) and at least one of elements 
capable of forming a compound with lithium. 

the elements having a melting point of at least 
900°C and a thermal expansion coefficient of 
not more than 9 ppm/K at room temperature, 30 

(b) a step of mixing the particles resulting from 
, .; the step (a) and a carbonaceous material (B), 
:, (c) a step of carbonizing (or carbonization heat 

treatment) the particles resulting from the step 
(b), thereby forming a negative electrode-active 35 
material, and 

(d) a step of arranging a positive electrode, a 
negative electrode containing said negative 
electrode-active material and a lithium ion con- 
ductive, non-aqueous electrolyte solution or 40 
polymer electrolyte into a container. 

[0013] Element capable of forming a compound 
with lithium is at least one element selected from Si, Ge 
and Pt, preferably from Si and Ge. 45 
[0014] In the above step (a), the term "mechanically 
treating" means repeating crushing and pressure weld- 
ing, more concretely, conducting crushing, etc. using a 
conventional ball mill, a planet type ball mill, an attritor, 
etc. 50 
[001 5] For example, particles of an element such as 
Si, Ge, or the like and a carbonaceous material (A) are 
placed in a ball mill, and mechanical treatment is con- 
ducted until initial mean particle size of Si or Ge parti- 
cles becomes preferably 1/2 or less, more preferably 1/5 55 
or less, most preferably 1/10 or less. As to particle size, 
the mechanical treatment such as crushing is con- 
ducted until the particle size becomes preferably 20 fim 



or less, more preferably 5 jum or less, most preferably 1 
\im or less. 

[001 6] After the stpe (a), heat treatment can be con- 
ducted or not conducted. When the heat treatment is 
conducted, it is preferable to conduct the heat treatment 
at 200 to 1200°C» more preferably 700 to 1000°C under 
non-oxidative atmosphere. 

[0017] As the carbonaceous material (B) used in 
the step (b), there can be use a carbon precursor such 
as tar. 

[0018] The carbonization (or carbonization heat 
treatment) in the step (c) can be carried out at prefera- 
bly 800 to 1500°C, more preferably 900 to 1300°C. 
[001 9] The carbon precursor becomes the carbona- 
ceous material (B) by the above-mentioned carboniza- 
tion heat treatment. 

[0020] An electric car with a high voltage and good 
mileage per one charging can be provided by mounting 
a battery assembly consisting of the present lithium sec- 
ondary batteries on the electric car. The present lithium 
secondary battery can be used also as a battery for 
hybrid cars. 

[0021] Members for constituting the present lithium 
secondary battery will be described in detail below: 
[0022] Fig. 1 shows the basic structure of a coin 
type lithium secondary battery according to one embod- 
iment of the present invention. 

[0023] A positive electrode 2 comprising a positive 
electrode current collector 2a and a positive electrode 
mix 2b is mounted on a positive electrode can 1 by 
welding, whereas a negative electrode 4 comprising a 
negative electrode current collector 4a and a negative 
electrode mix 4b is mounted on a negative electrode 
can 3 by welding. Both the positive electrode and the 
negative electrode are impregnated with an electrolytic 
solution containing an electrolyte (e.g. LiPF 6 ) dissolved 
in a solvent mixture of e.g. ethylene carbonate (EC) and 
dimethyl carbonate (DMC), and then the positive elec- 
trode and the negative electrode are counterposed to 
each other, while interposing a separator 5 therebe- 
tween, and the positive electrode can and the negative 
electrode can are fixed to each other by pressure weld- 
ing through an insulating gasket 6 to obtain a coin type 
lithium secondary battery. 

[0024] Fig. 2 shows the basic structure of a cylindri- 
cal lithium secondary battery. 

[0025] An electrode assembly comprises a positive 
electrode 13 comprising a positive electrode current col- 
lector 1 1 coated with a positive electrode mix 12, a neg- 
ative electrode 16 comprising a negative electrode 
current collector 14 coated with a negative electrode 
mix 15, and a separator 17. The positive electrode 13, 
the separator 17, the negative electrode 16 and the sep- 
arator 17 are laminated in this order and coiled as 
shown in Fig. 3. A positive electrode tab 18 and a nega- 
tive electrode tab 19 are connected to the positive elec- 
trode 13 and the negative electrode 18 of the electrode 
assembly, respectively. The electrode assembly is 
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encased in a battery can 20, where the negative elec- 
trode tab 19 is connected to the battery can 20, 
whereas the positive electrode tab 18 is connected to a 
battery lid 21. The battery lid 21 is fixed to the battery 
can 20 through an insulating gasket 22 to tightly seal the 5 
electrode assembly and the inside ot the battery can 20. 
To prevent any contact of the electrode assembly to the 
battery can 20 or the battery lid 21, an insulating plate 
23 is also provided. An electrolytic solution containing Li 
ions is contained in the tightly sealed battery can. No 70 
positive electrode mix is applied to both edge parts of 
the positive electrode to expose a metallic foil. The pos- 
itive electrode tab is connected to one of the edge parts. 
[0026] Figs. 4A and Fig. 4B show a top view and a 
cross-sectional view of a square type lithium secondary 75 
battery according to the present invention, respectively. 
[0027] A square type lithium secondary battery 
comprises an electrode assembly comprising positive 
electrode 31 and negative electrode 32 as alternately 
laminated in a separator 33 and inserted into a battery 20 
can 34 made from, e.g. aluminum. Positive electrode 
leads 35 and negative electrode leads 37 welded to the 
tops of the respective corresponding electrodes are 
connected to a positive electrode terminal 38 and a neg- 
ative electrode terminal 39, respectively. The positive 25 
electrode terminal 38 and the negative electrode termi- 
nal 39 are inserted into a battery lid 41 through packings 
40. An external cable and the battery can be connected 
to each other by nuts 50 provided at the positive elec- 
trode terminal 38 and the negative electrode terminal 30 
39, respectively. The battery lid 41 is provided with a 
safety valve for discharging a gas accumulated in the 
battery when the pressure in the battery elevates, and 
an electrolyte solution inlet. The safety valve comprises 
a gas discharge outlet port 42, an O-ring 43 and a seal- 35 
ing bolt 44. The electrolytic solution inlet comprises an 
inlet port 45, an O-ring 46 and a sealing bolt 47. After 
laser welding of the battery can 34 to the battery lid 41 , 
an electrolytic solution is introduced therein through the 
inlet port 45 and then the inlet port 45 is tightly closed by 40 
the sealing bolt 47, thereby completing the square type 
lithium secondary battery. 

[0028] Fig. 5 shows a battery assembly of said 
square type lithium secondary batteries as connected to 
one another in series. 45 
[0029] A battery assembly of 8 batteries as con- 
nected to one another in series is made up by arranging 
the batteries in a row so that their sides can be counter- 
posed to one another, while keeping the battery lids 41 
of the square type lithium secondary batteries 51 so 
upward. 

[0030] Two spacers 52 are inserted between the 
adjacent counterposed sides of batteries 51 along the 
height direction. Stainless steel metal plates 53 and fix- 
ing parts 58 fixed to the front and the back, and the 55 
sides of the battery assembly, respectively, are set and 
secured by bolts 59 so as to apply an inward pressure 
to the batteries 51. A rib-formed projection 60 is formed 



on each of the stainless steel metal plates 53. Positive 
electrode terminals and negative electrode terminals on 
the respective square type batteries 51 are connected 
by electric cables so as to bring all the batteries into 
series connection with further connection to a positive 
electrode terminal 54 and a negative electrode terminal 
55 of the battery assembly, respectively. Furthermore, 
the positive electrode terminals and the negative elec- 
trode terminals of the respective batteries 51 are con- 
nected to a control circuit substrate 56 through a 
positive electrode voltage input cable and a negative 
electrode voltage input cable, respectively, and the volt- 
age and the currents of the respective batteries are 
measured for charge/discharge control of the battery 
assembly. The control circuit substrate 56 is provided 
with a microcomputer so as to have a function of stop- 
ping the charging/discharging of the battery assembly 
when one of the voltage and the current of at least one 
of batteries 51 comes off a given range. A thermocouple 
57 is provided on the side of battery at the 4th position 
from the back end to input its temperature signal to the 
control circuit substrate 56 so as to stop charging/dis- 
charging when the battery temperature exceeds a given 
temperature. This embodiment is directed to an elec- 
trode assembly of a lamination type of strip electrodes, 
but the same battery assembly as in this embodiment 
can be made up from a flat, ellipsoidal coil type. 
[0031] In the present invention, the negative elec- 
trode-active material must contain particles comprising 
at least one of elements capable of forming a compound 
with lithium. 

[0032] The element capable of forming a compound 
with lithium is at least one element selected from Si. Ge 
and Pt. preferably Si and Ge from the viewpoints of easy 
handling of powder, a lower production cost, etc. The 
particles can be composed of a simple substance of the 
element or alloy or intermetallic compound containing 
the element, or a mixture of particles composed only of 
simple substances of the elements, so long as they can 
interstitially diffuse/release lithium ions in an electro- 
chemical manner. 

[0033] When the average particle size of the parti- 
cles comprising at least one of elements capable of 
forming a compound with lithium contained in the nega- 
tive electrode-active material exceeds 20 \im, the cycle 
life of the lithium secondary battery will be considerably 
shortened. When the average particle size is smaller, 
the characteristics of the negative electrode-active 
material will be improved, but too smaller average parti- 
cle size gives rise to vigorous oxidation in the atmos- 
pheric air, making the operation in the negative 
electrode preparation step unfavorable. Thus, the aver- 
age particle size is preferably in a range of 0.1 to 20 |im, 
more preferably in a range of 0.5 to 5 jam. 
[0034] The particles comprising at least one of ele- 
ments capable of forming a compound with lithium are 
embedded in or enclosed by the carbonaceous mate- 
rial, where there are particles completely covered with 
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the carbonaceous material on their surfaces and parti- 
cles partially exposed to the outside from the surround- 
ing carbonaceous material. Though the particles 
completely covered with the carbonaceous material on 
the surfaces are preferably, those partially exposed to 5 
the outside from the surrounding carbonaceous mate- 
rial can be used as well. One particle of the negative 
electrode-active material contains one or a plurality of 
the particles comprising the element as embedded in 
the carbonaceous material. Even the presence of a w 
large number of the particles comprising the element 
does not cause any problem in the characteristics, so 
long as they are embedded in the carbonaceous mate- 
rial. 

[0035] The foregoing conditions of the negative 15 
electrode-active material can be determined by observ- 
ing the cross-section of the negative electrode-active 
material by a scanning electron microscope (SEM). 
[0036] Particle sizes of particles comprising at least 
one of elements capable of forming a compound with 20 
lithium can be determined a particle size distribution of 
the particles as observed in the cross-section of the 
negative electrode-active material, where number of the 
particles as determined is 500 to 1,500 for each cross- 
section of negative electrode-active materials. If the 25 
presence of carbonaceous material around the particles 
can be confirmed in the cross-sectional observation of 
the negative elect rode -active material, it can be con- 
cluded that sad particles are embedded in the carbon- 
aceous material. 30 
[0037] Content ratio by weight of the particles to the 
negative electrode-active material containing the parti- 
cles as:embedded in the carbonaceous material is pref- 
erably 0.01 to 0.8. more preferably 0.03 to 0.7, most 
preferably 0.05 to 0.5. particularly preferably 0.05 to 0.3. 35 
[0038] Carbonaceous material (A) containing the 
particles as embedded therein must contain a crystal- 
line cartyon region. When the carbonaceous material 
(A) is amorphous carbon, it is inferior to the crystalline 
carbon in the charging/discharging characteristics. 40 
[0039] It is preferable that the carbonaceous mate- 
rial (A) has a smaller d (002) interplanar spacing than 
that of carbonaceous material (B). This means that the 
carbonaceous material (A) has a higher degree of crys- 
tallinity than that of carbonaceous material (B). The d 45 
(002) interplanar spacing of carbonaceous material (A) 
is preferably 0.335 nm to 0.345 nm, more preferably 
0.335 nm to 0.340 nm, particularly preferably 0.335 nm 
to 0.338 nm. 

[0040] In the present invention, X-ray diffraction 50 
method using X-rays based on CuK a beam at a tube 
voltage of 50 kV and a tube current of 250 mA with 
steps of 0.002 to 0.01 deg. is used for the determina- 
tion. Diffraction curves corresponding to diffraction for 
the d(002) plane interplanar spacing are smoothed, 55 
while eliminating the background, thereby obtaining a 
substantial d(002) diffraction calibration curve. Peak of 
the calibration curve can be represented by 29, where 9 



is a diffraction angle of the (002) plane. The d(002) 
interplanar spacing can be obtained according to the 
following equations: 

d(002) = A/(2 sin 9) 
X = 0.15418 nm 

A d(002) diffraction peak splits into a plurality of 
peaks, depending upon carbonaceous material 
species, but the d(002) interplanar spacing corre- 
sponding to a maximum intensity peak is 0.335 nm 
to 0.345 nm. 

[0041] On the other hand, the size of crystallite in 
the C axis direction (Lc) can be obtained from the fore- 
going calibration curve, using the following equations: 

Lc = K • X(p • p. cos 9) 

K = 0.9 

X = 0.15418 nm 

p = half width (radians) 

Lc value obtained d from the calibration curve is prefer- 
ably not less than 0.5 nm, more preferably 1 nm to 100 
nm. most preferably 5 nm to 80 nm, particularly prefera- 
bly 10 nm to 60 nm, especially 15 nm to 50 nm. 
[0042] Preferably, the carbonaceous material (B) is 
harder than the carbonaceous material (A). To maintain 
the functions as the negative electrode-active material, 
it seems necessary to maintain the shape of the nega- 
tive electrode-active material by selecting a larder car- 
bonaceous material (B) for the external material and to 
lessen the strains due to expansion/contraction of parti- 
cles comprising at least one of elements capable of 
forming a compound with lithium by selecting a softer 
carbonaceous material (A) as the internal material. 
[0043] Hardness of carbonaceous materials is 
determined by a micro-Vickers hardness tester having a 
nano-indentation function. At first, a carbonaceous 
material for embedding particles comprising at least 
one of elements capable of forming a compound with 
lithium is embedded in a resin, and then a smooth 
cross-section is made to expose by mechanical grind- 
ing. Then, a desired position of carbonaceous material 
is tested by the micro-Vickers hardness tester with a 
pyramid indenter under a load of 0.5 to 5 g. A hardness 
ratio of the external carbonaceous material to the car- 
bonaceous material near the particles comprising at 
least one of elements capable of forming a compound 
with lithium can vary in an appropriate range, depending 
upon combinations of carbonaceous material (A) with 
carbonaceous material (B). The hardness ratio of (B) to 
(A) is preferably not less than 1.1, more preferably not 
less than 1.1. most preferably 1.2 to 10.0, particularly 
1.5 to 5.0. 

[0044] Degree of crystallinity of carbonaceous 
material can be evaluated by Raman spectral distribu- 
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tion using an argon laser with a wavelength of 0.5145 
nm. Peaks at about 1580 cm" 1 correspond to a crystal 
structure of lamination-formed c planes, while peaks at 
about 1360 cm" 1 correspond to a disturbed amorphous 
structure. The peaks at about 1580 cm* 1 refer to peaks 5 
in a range of 1570 to 1620 cm* 1 , whereas the peaks at 
about 1360 cm" 1 refer to peaks in a range of 1350 to 
1370 cm' 1 . The higher a ratio of crystalline carbon to 
amorphous carbon, the lower a ratio of peak intensity at 
about 1360 cm' 1 to peak intensity at about 1580 cm" 1 of 70 
argon laser Raman spectrum (R value), whereas the 
higher a ratio of amorphous carbon, the higher the R 
value. The degree of crystallinity of carbonaceous 
materia! (B) can be determined by measuring an argon 
laser Raman spectrum before and after the coating 75 
treatment with the carbonaceous material (B). When R 
value is higher after the coating treatment with the car- 
bonaceous material (B) than the R value before the 
coating treatment, the carbonaceous material (B) is 
composed of amorphous carbon. 2 o 
[0045] Carbonaceous material can be formed by 
carbonizing a carbon precursor as well. Carbon precur- 
sor for use in the present invention includes, for exam- 
ple, easily graphitizable precursors such as petroleum 
pitch, coal pitch, etc., and non-graphitizable precursors 25 
such as isotropic pitch, polyacrylonitrile, phenol resin, 
furan resin, etc., but the easily graphitizable precursors 
are preferable for formation of carbonaceous material 
(A). 

[0046] When the carbonaceous material (A) is 30 
formed from the easily graphitizable precursor, it is pref- 
erable to use a non-graphitizable precursor for the for- 
mation of carbonaceous material (B). Carbonization 
temperature of carbon precursor is 800° to 1,500 o C, 
preferably 900° to 1 ,200°C, because the particles com- 35 
prising at least one of elements capable of forming a 
compound with lithium will be formed into carbides or 
melted at higher temperatures. Carbonization is carried 
out preferably in such an atmosphere as an inert gas or 
a nitrogen gas. 40 
[0047] Carbonaceous particles can be formed into 
carbonaceous material in such a state as to bond the 
particles comprising at least one of elements capable of 
forming a compound with lithium by mechanical pres- 
sure welding. For the carbonaceous particles before the 45 
mechanical pressure welding, crystalline carbon and 
amorphous carbon can be used, but crystalline carbon 
is preferable. 

[0048] In mechanical pressure welding of the car- 
bonaceous particles and particles comprising at least 50 
one of elements capable of forming a compound with 
lithium, it is necessary to apply such an external force 
thereto as to make both particles bond to one another, 
and thus an apparatus capable of doing such actions 
must be used. The apparatus for this purpose includes, 55 
for example, a planetary type ball will capable of giving 
mechanical pressure welding when balls collide with 
one another or with the vessel wall, an apparatus capa- 



ble of giving mechanical pressure welding between the 
vessel and the pressure welding spatula provided at a 
given distance, etc. In the said apparatus, the carbona- 
ceous particles and particles comprising at least one of 
elements capable of forming a compound with lithium 
can be subjected to repetitions of mechanical pressure 
welding, thereby embedding the latter particles into the 
resulting carbonaceous material. 
[0049] The carbonaceous material formed on the 
particles comprising at least one of elements capable of 
forming a compound with lithium by said mechanical 
pressure welding has an increased specific surface 
area, but maintains the physical properties of the origi- 
nal carbonaceous particles to some extent. Particularly 
in case of carbonaceous particles with smaller particle 
sizes and larger specific surface area, no negative elec- 
trode-active material having desired physical properties 
can be obtained and thus the carbonaceous particles 
must have a specific surface area of preferably not more 
than 100 m 2 /g, more preferably 0.5 to 50 m 2 /g. Further- 
more, said carbonaceous particles has a d (002) inter- 
planar spacing of preferably 0.335 nm to 0.345 nm, 
more preferably 0.335 nm to 0.340 nm, most preferably 
0.335 nm to 0.337 nm. Heat treatment is not always 
necessary after the mechanical pressure welding, but it 
is preferable to conduct heat treatment at 200° to 
1,200°C. particularly 900° to 1.100°C. Heat treatment 
atmosphere can be an inert gas, a nitrogen gas or in 
vacuum, so long as it can prevent any oxidation. 
[0050] When the carbonaceous material (A) is 
formed by the mechanical pressure welding, easily 
graphitizable precursor or non-graphitizable precursor 
can be used for the formation of carbonaceous material 
(B). Particularly, easily graphitizable precursor is prefer- 
able. 

[0051] The larger the specific surface area of the 
negative electrode-active material obtained in the fore- 
going procedures, the larger the irreversible capacity, 
whereas the lower, the more deteriorated the coatability. 
Thus, the negative electrode-active material must have 
a specific surface area of preferably 1 to 100 m 2 /g, more 
preferably 2 to 50 m 2 /g. The carbonaceous material 
must have a d002 interplanar spacing of preferably 
0.335 nm to 0.345 nm, more preferably 0.335 nm to 
0.340 nm, most preferably 0.335 nm to 0.337 nm. 
[0052] Various constituent members are required 
for producing a lithium secondary battery. 
[0053] Positive electrode-active material for use in 
the present invention includes composite oxides such 
as lithium cobalt oxide (Li x Co0 2 ), lithium nickel oxide 
(Li x Ni0 2 ), Lithium manganese oxide (Li x Mn 2 0 4 , 
Li x Mn0 3 ), lithium nickel cobalt oxide (Li x Ni y Co (1 . y )0 2 ), 
etc., where o £ x £ 1 .2 and o <> y ^ 1 . In other words, they 
are stoichiometric compositions, but may be oxides 
slightly deviated from the stoichiometric compositions. 
These materials have an average particle size of prefer- 
ably 3 to 40 pirn. 

[0054] Electrolytic solution for use in the present 
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invention includes a solution of a lithium salt as an elec- 
trolyte in an organic solvent. 

[0055] The organic solvent includes, for example, 
butylene carbonate, propylene carbonate, diethyl car- 
bonate, ethyl methyl carbonate, ethylene carbonate, s 
dimethyl carbonate, methyl carbonate, 1,2-dimethox- 
yethane, 1,2-diethoxyethane, ethoxymethoxyethane, y- 
butyrolactone, y-valerolactone, dipropyl carbonate, tet- 
rahydrofuran, 2-methyltetrahydrofuran, dioxane, dime- 
thyl sulfoxide, sulfolane, methylsulfolane, acetonitrile, 10 
methyhacetate, methyl formate, etc., or solvent mixtures 
of at least two thereof. 

[0056]- Electrolyte for use in the present invention 
includeJithium salts such as lithium hexafluorophos- 
phate (LiPF 6 ), lithium borofiuoride (LiBF 4 ), lithium per- is 
chlorate (LiCI0 4 ), lithium bis(trifluoromethylsulfonyl)- 
imide (LiN(CF 2 S0 2 ) 2 ). arsenic lithium hexafluoride 
(LiAsF 6 ), lithium trifluorometasulfonate (LiCF 2 S0 3 ), etc. 
Particularly preferable lithium hexafluorophosphate 
(UPF 6 ), lithium borofiuoride (LiBF 4 ), lithium perchlorate 20 
(LJCIO4) and lithium bis(trifluoromethylsulfonyl)imide 
(LiN(CF 2 S0 2 ) 2 ). Concentration of dissolved electrolyte 
in organic solvent is preferably 0.5 to 2.0 moles/f. 
[0057] Electroconductive material for the positive 
electrode and the negative electrode for use in the 25 
present invention includes graphite, amorphous carbon 
an carbon mixture thereof, and has an average particle 
size of preferably not more than 30 \im and a specific 
surface area of preferably 1 to 300 m 2 /g. Carbon short 
fibers. 5 to 1 0 nm in diameter and 1 0 to 30 urn long, can 30 
be preferably used as well. 

[0058] On the other hand, metallic particles with 
less reactivity toward the electrolytic solution can be 
used as an electroconductive material as well. For 
example, Ni, Co, Fe, Cu, Ti, Cr and alloys containing 35 
these can be used for the negative electrode, whereas 
Ni, Co, Fe, Ti, Cr, Al and alloys containing these can be 
used for the positive electrode. These metallic particles 
are hard to undergo deformation of particles by a press 
and the coatability will be poorer with increasing particle 40 
sizes. Thus, they must have an average particle size of 
preferably not more than 30 |im. 
[0059] Binder plays a role in connecting an electro- 
conductive material to a current collector. Binder for use 
in the present invention includes such resins as 45 
poly(vinylidene fluoride) (PVDF), ethylenepropylenedi- 
ene copolymer (EPDM), polytetrafluoroethylene 
(PTFE), polyethylene, polypropylene, polystyrene, poly- 
vinylpyridine, chlorosulfonated polyethylene, latex, etc. 
On the basis of total mix consisting of the electrode- so 
active material, the electroconductive material and the 
binder, an amount of the binder is preferably 2 to 20% 
by weight. Particularly, the amount of the binder for the 
positive electrode is more preferably 2 to 10% by 
weight, whereas that for the negative electrode is more 55 
preferably 5 to 15% by weight. 

[0060] Current collector for use in the negative elec- 
trode includes foils and sponge metals of Cu, Ni or 



stainless steel, whereas that for use in the positive elec- 
trode includes foils and sponge metals of Al, Ni or stain- 
less steel. Generally, a combination of a negative 
electrode current collector of Cu with a positive elec- 
trode current collector of Al is preferable. It is preferable 
from the viewpoint of high strength that these foils are 
rolled ones, but electrolytic foils can be used as well. 
The foils have a thickness of preferably not more than 
100 jum, particularly preferably 8 to 40 urn. 
[0061] Separator for use in the present invention 
includes sheet separators and polymer electrolyte both 
having a low resistance to the ion conductivity of elec- 
trolytic solution, no reactivity toward the electrolytic 
solution and a distinguished solution retainability. The 
sheet separators for use in the present invention 
include, for example, porous films of polypropylene, pol- 
yethylene, polyolefin, polyester, polytetrafluoroethylene, 
polyflon, etc. and non-woven fabrics comprising glass 
fibers and the foregoing polymers. Particularly prefera- 
ble are porous films of polypropylene, polyethylene and 
polyolefin. Polymer electrolytes for use in the present 
invention include composites comprising a polymer 
matrix selected from polyethylene oxide, polypropylene 
oxide, poly(vinylidene fluoride), polyacrylamide. etc. 
and said electrolyte as dissolved in the polymer matrix, 
gel cross-linked matrix further containing a solvent, pol- 
ymer electrolytes grafted with ionically dissociated 
groups of low molecular weight polyethylene oxide, 
crown ether, etc. on the polymer main chain and gel 
state polymer electrolytes comprising a high molecular 
weight polymer containing said electrolyte therein. 
[0062] The present lithium secondary battery com- 
prises an electrode assembly formed by lamination from 
a positive electrode comprising a positive electrode- 
active material, a positive electrode electroconductive 
material, a binder and a positive electrode current col- 
lector, a negative electrode comprising a negative elec- 
trode-active material, a binder, a negative electrode 
current collector or further a negative electrode electro- 
conductive material, and a separator inserted between 
the positive electrode and the negative electrode; an 
electrolytic solution; and a battery container for tightly 
enclosing the electrode assembly and the electrolytic 
solution, as connected to the electrode assembly. The 
electrode assembly can be in a lamination structure of 
the positive electrode, the separator and the negative 
electrode, with tabs stuck out from the respective elec- 
trodes, or a laminate-coiled structure of the respective 
electrodes in a tab-connected strip form, or a laminate- 
wound and subsequently flattened structure of the 
respective electrodes in a tab-fixed strip form. In other 
words, any structure can be used, so long as the battery 
has an electrode assembly with a separator inserted 
between the counterposed positive and negative elec- 
trodes. 

[0063] The present lithium secondary battery based 
on a non-aqueous electrolytic solution has a higher 
capacity and a longer life than those of the conventional 
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lithium secondary battery. 

[0064] The present lithium secondary battery can 
be used for various portable electronic appliances, par- 
ticularly notebook-type personal computers, notebook- 
type word processors, palm-top (pocket) personal com- 
puters, portable telephones, PHS, portable facsimiles, 
portable printers, headphone stereos, video cameras, 
portable television receivers, portable CD players, port- 
able MD players, electric shavers, electronic notebooks, 
transceivers, electric tools, radios, tape recorders, dig- 
ital cameras, portable copiers, portable video games, 
etc.. or further can be used as secondary batteries for 
electric cars, hybrid cars, automatic ventors, electric 
carts, road levelling battery systems, household batter- 
ies, spread-type power storing systems (encased in 
installation-type electric appliances), emergency power 
supply system, etc. 

[0065] The present invention will be described in 
detail below, referring to Examples and Drawings. 

Example 1 

[0066] Silicon particles having an average particle 
size of 10pm and graphite particles having an average 
partide size of 20 were joined together in a ratio of 
50.50 by weight and subjected to a ball mill treatment 
based on repetitions of mechanical pressure welding 
usmg a planetary ball mill for 24 hours. Ball mill vessel 
and balls were made from stainless steel, and the pow- 
def preparation and the ball mill treatment were carried 
out an Ar atmosphere. 

[0067] Observation of the cross-section of the 
resulting composite material by SEM revealed that the 
silicon partides had an average particles size of 1 .2 jim 
and were embedded in carbonaceous material (graph- 
ite particles). X-ray diffraction analysis revealed that 
peaks showing diffractions of carbon and silicon were 
observed, rt was found that the d (002) interplanar spac- 
ing of cartxxi was 0.3359 nm and the R value was 0.3. 
[0068] The composite material, petroleum pitch and 
tetrahydrofuran were mixed together in a ratio of 
100:70:500 by weight are stirred under reflux for one 
hour. Tetrahydrofuran was removed therefrom in a 
rotary evaporator, followed by vacuum drying at 1 50°C 
for 3 hours, whereby Si-C composite power/pitch com- 
posite material was obtained. Then, the composite 
material was disintegrated to 200-mesh and under in a 
cutter mill, heated up to 250°C in air at a rate of 3°C/min 
and kept at that temperature for one hour Then, the 
resulting product was heated up to 1 ,000°C in a nitro- 
gen gas stream at a rate of 20°C/h and kept at that tem- 
perature for one hour, thereby carbonizing the 
petroleum pitch. Then, the resulting product was disin- 
tegrated to 200-mesh and under in a cutter mill, 
whereby silicon-carbon composite powder was 
obtained. X-ray diffraction analysis of the Si-C powder 
revealed that peaks showing diffractions of carbon and 
silicon were observed. Diffraction peaks were at d (002) 



interplanar spacings of 0.3358 nm and 0.3378 nm. It 
was found that the R value was 0.7 and the specific sur- 
face area was 29 m 2 /g. 

[0069] In the cross-section of the Si-C composite 
5 powder, hardness of carbonaceous material at inward 
levels of 1 nm and 10 jim from the powder surface was 
measured by a micro-Vickers hardness tester, and it 
was found that a hardness ratio of the inward level of 1 
jjimtothatof 10 nm was 1.7. 
10 [0070] The Si-C composite powder was kneaded 
with a solution of PVDF in N-methylpyrrolidone in a ratio 
of silicon-carbon composite powder: PVDFF 85:15 by 
weight and the resulting slurry was applied to a 20 jim- 
thick Cu foil, followed by drying at 120°C for one hour, 
15 press molding into an electrode by a roller press and 
ultimately blanking to 20 mm in diameter as a negative 
electrode. 

[0071] Powder of lithium cobalt oxide LiCo0 2 hav- 
ing an average particle size of 10 u.m was used as a 

20 positive electrode-active material. The powder of lithium 
cobalt oxide LiCo0 2 , graphite and PVDF were mixed 
together in a ratio of LiCo0 2 : graphite : PVDP = 90:6:4 
by weight to make a slurry, where PVDF was used in the 
form of a solution in N-methylpyrrolidone as in the case 

25 of the negative electrode. The slurry, after thorough mix- 
ing, was applied to a 20 jim- thick Al foil, followed by dry- 
ing at 120°C for one hour, press molding into an 
electrode by a roller press and ultimately blanking to 20 
mm in diameter as a positive electrode. A ratio of the 

30 positive electrode mix to the negative electrode mix by 
weight was made to be 15 owing to the large negative 
electrode capacity. 

[0072] A coin type battery, as shown in Fig. 1 was 
made with the negative electrode and the positive elec- 
35 trode to evaluate its characteristics. 

[0073] A positive electrode 2 comprising a positive 
electrode current collector 2a and a positive electrode 
mix 2b was mounted on a stainless steel positive elec- 
trode can 1 by spot welding, whereas a negative elec- 
40 trode 4 comprising a negative electrode current 
collector 4a and a negative electrode mix 4b was 
mounted on a stainless steel negative electrode can 3 
by spot welding. Both the positive electrode and the 
negative electrode were impregnated with an electro- 
ns lytic solution containing 1 mo\e/£ of LiPF 6 dissolved in a 
1 :2 (by weight) solvent mixture of ethylene carbonate 
(EC) and dimethyl carbonate (DMC), and then the posi- 
tive electrode and the negative electrode were counter- 
posed to each other, while interposing a polyethylene 
so separator 5 therebetween, and the positive electrode 
can and the negative electrode can were fixed to each 
other by pressure welding through an insulating gasket 
6. 

[0074] The resulting battery was subjected to a 
55 charging/discharging cycle test by charging with a 
charge current of 1 mA at a charge end voltage of 4.2 V 
and discharging with a discharge current of 1 mA at a 
discharge end voltage of 2.7 V. As a result, it was found 
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that the initial discharge capacity of the battery was 10.2 
mAh and the irreversible capacity ratio was 12%. On the 
other hand, a discharge capacity maintenance ratio of 
the 1 00th cycle to the 1 st cycle was found to be 94%. 

Example 2 

[0075] The Si-C composite powder prepared in 
Example 1 , graphite powder having an average particle 
size of -15 and PVDF were mixed together in a ratio 
of 30:70:10 by weight to make a slurry. A negative elec- 
trode was made, using the thoroughly kneaded slurry in 
the same manner as in Example 1 . 
[0076] : A coin type battery was produced, using 
LiMn 2 0 4 having an average particle size of 10 fim as a 
positive electrode material in the same manner as in 
Example 1. 

[0077] The battery was subjected to a charging/dis- 
charging cycle test by charging with a charge current of 
1 mA at a charge end voltage of 4.3 V and discharging 
with a discharge current of 1 mA at a discharge end volt- 
age of 2.8 V. As a result, it was found that the initial 
charge capacity of the battery was 4.5 mAh and a ratio 
of the irreversible capacity was 10%. On the other hand, 
a discharge capacity maintenance ratio of the 100th 
cycle to the 1 st cycle was found to be 97%. 

Example 3 

[0078] Ge particles having an average particle size 
of 1 fim, coal pitch and tetrahydrofuran were mixed 
together in a ratio of 100:100:500 by weight and stirred 
under reflux for one hour. Tetrahydrofuran was removed 
therefrom in a rotary evaporator, followed by vacuum 
drying at 150°C for 3 hours, thereby obtaining a Ge-C 
composite powder/pitch composite material. The com- 
posite material was pulverized to 200-mesh and under 
in a cutter mill, heated up to 250°C in air at a rate of 
3°C/min and maintained at that temperature for one 
hour. The resulting product was heated up to 1 ,200°C in 
a nitrogen gas stream at a rate of 20°C/hr and main- 
tained at that temperature for one hour, thereby carbon- 
izing the pitch. Then, the carbonized product was 
pulverized to 200-mesh and under in a cutter mill, 
thereby obtaining a composite material. Analysis of the 
resulting composite material by wide angle X-ray diffrac- 
tion revealed that peaks showing diffractions of C and 
Ge were observed. The d (002) interplanar spacing of C 
was found to be 0.3410 nm. Average particle size of Ge 
determined by cross-sectional observation was found to 
be 3.1 nm, and the R value was found to be 1.0. Said 
composite material and phenol resin were mixed 
together in a ratio of 100:100 by weight, followed by vac- 
uum drying at 120°C for 3 hours, thereby obtaining a 
composite material/resin composite material. 
[0079] The resulting composite material was disin- 
tegrated to 200-mesh and under in a cutter mill, heated 
up to 250°C in air at a rate of 3°C/min. and maintained 
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at that temperature for one hour. Then, the resulting 
product was heated up to 1,000°C in a nitrogen gas 
stream at a rate of 20°C/hr and maintained at that tem- 
perature for one hour, thereby carbonizing the resin. 
5 The carbonized product was disintegrated to 200-mesh 
and under in a cutter mill, thereby obtaining Ge-C com- 
posite powder. Analysis of the composite powder by X- 
ray diffraction revealed that peaks showing diffractions 
of C and Ge were observed. The d (002) interplanar 
w spacing of C was found to be 0.3450 nm with an R value 
of 1 .5 and a specific surface area of 8 m 2 /g. 
[0080] On the other hand, in the cross-section of 
the Ge-C composite powder, hardness at inward levels 
of 1 jim and 10 jam from the powder surface was meas- 
75 ured by a micro- Vickers hardness tester, and a hard- 
ness ratio of the inward level of 1 fim to that of 10 |im 
was found to be 1.5. 

[0081] A battery was produced, using the Ge-C 
composite powder as a negative electrode-active mate- 
20 rial in the same manner as in Example 1 , but an electro- 
lytic solution containing 1.5 molest of LiPF 6 dissolved 
in a 2:3 (by weight) solvent mixture of PC and DM was 
used for the electrolytic solution. 

[0082] - The resulting lithium secondary battery was 
25 subjected to a charging/discharging cycle test by charg- 
ing with a charge current of 2 mA at a charge end volt- 
age of 4.2 V and discharging with a discharge current of 
2 mA at a discharge end voltage of 2.7 V. As a result, it 
was found that the initial discharge capacity of the bat- 
30 tery was 7.2 mAh and the irreversible capacity ratio was 
15%. On the other hand, a discharge capacity mainte- 
nance ratio of the 1 00th cycle to the 1st cycle was found 
to be 92%. 

35 Comparative Example 1 

[0083] Si particles having an average particle size 
of 10 jim and graphite particles having an average par- 
ticle size of 20 |im were mixed together in a ratio of 

40 80:20 by weight and subjected to a ball mill treatment for 
96 hours, where the ball mill vessel and balls were 
made from stainless steel and the powder preparation 
and the ball mill treatment were carried out in an Ar 
atmosphere. Analysis of the resulting Si-C composite 

45 powder by wide angle X-ray diffraction revealed that 
peaks showing diffractions of C and Si were observed. 
The d (002) interplanar spacing of C was found to be 
0.3361 nm and the average particle size of Si deter- 
mined by cross-sectional observation was found to be 

so 0.9 nm, with an R value of 0.9 and a specific surface 
area of Si-C composite powder being 280 m 2 /g. 
[0084] A battery was produced, using the Si-C com- 
posite powder as a negative electrode -active material in 
the same manner as in Example 1 , but an electrolytic 

55 solution containing 1.5 molest of LiPF 6 in a 1:2 (by 
weight) solvent mixture of EC and DMC was used for 
the electrolytic solution. 

[0085] The battery was subjected to a charging/dis- 
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charging cycle test by charging with a charge current of 
2 mA at a charge end voltage of 4.2 V and discharging 
with a discharge current of 2 mA at a discharge end volt- 
age of 2.7 V. As a result, it was found that the initial dis- 
charge capacity of the battery was 13.6 mAh and the 5 
irreversible capacity was 53%. A discharge capacity 
maintenance ratio of the 100th cycle to the 1st cycle 
was found to be 23%. 

Example 4 10 

[0086] A cylindrical lithium secondary battery was 
produced as a lithium secondary battery according to 
the present invention, and its basic structure is shown in 
Fig. 2. 15 
[0087] An electrode assembly comprised a positive 
electrode 1 3 comprising a positive electrode current col- 
lector 1 1 coated with a positive electrode mix 12, a neg- 
ative electrode 16 comprising a negative electrode 
current collector 14 coated with a negative electrode 20 
mix 15 and a separator 17. The positive electrode 13, 
the separator 1 7, the negative electrode 1 6 and the sep- 
arator 17 were laminated in this order and coiled as 
shown in Fig. 3. A positive electrode tab 1 8 and a nega- 
tive electrode tab 19 were connected to the positive 25 
electrode and the negative electrode 1 6 of the electrode 
assembly, respectively. The electrode assembly was 
encased in a battery can 20, where the negative elec- 
trode tab 19 was connected to the battery can 20, 
whereas the positive electrode tab 18 was connected to 30 
a battery lid 21. The battery lid 21 was fixed to the bat- 
tery can 20 through an insulating gasket 22 to tightly 
seal the electrode assembly and the inside of the bat- 
tery can 20. To prevent any contact of the electrode 
assembly to the battery can 20 or the battery lid 21 , an 35 
insulating plate 23 was also provided. An electrolytic 
solution containing Li ions was contained in the tightly 
sealed battery can. For the battery can 20 and the bat- 
tery lid 21, SUS 304, SUS 316, mild steel with an anti- 
corrosive coating, etc. could be used. 40 
[0088] Lithium cobalt oxide LiCo0 2 having an aver- 
age particle size of 10 urn as a positive electrode-active 
material, scale-form graphite having an average particle 
size of 5 urn as a positive electrode electroconductive 
material, PVDF as a binder and a 20 nm-thick A! foil as 45 
a positive electrode current collector were used. A mix- 
ture of LiCo0 2 , scale-form graphite and PVDF in a ratio 
of 88:7:5 by weight was mixed with N-methylpyrro!idone 
to prepare a slurry of positive electrode mix. The slurry 
was applied to both sides of the Al foil, followed by vac- 50 
uum drying at 120°C for one hour and successive press 
molding into an electrode piece by a roller press. Then, 
a strip, 40 mm wide and 285 mm long, was cut out of the 
electrode piece to prepare a positive electrode, where 
the Al foil was exposed in 10 mm-long, positive elec- 55 
trode mix-uncoated regions at both edges of the posi- 
tive electrode. A Ni positive electrode tab was pressure 
welded to one end of the positive electrode by ultrasonic 



welding. 

[0089] Negative electrode-active material was pre- 
pared in the following manner. Si particles having an 
average particle size of 10 urn and graphite particles 
having an average particle size of 20 urn were joined 
together in a ratio of 80:20 by weight and subjected to a 
ball mill treatment for 48 hours, where the ball mill ves- 
sels and balls were made from stainless steel and the 
powder preparation and ball mill treatment were carried 
out in an Ar atmosphere. Analysis of the resulting com- 
posite material by wide angle X-ray diffraction revealed 
than the d (002) interplanar spacing of C was 0.3356 
nm. Then, the composite material, petroleum pitch and 
tetrahydrofuran were mixed together in a ratio of 
100:200:700 by weight and stirred under reflux for one 
hour. Tetrahydrofuran was removed therefrom in a 
rotary evaporator, followed by vacuum drying at 150°C 
for 3 hours, thereby obtaining a composite mate- 
rial/pitch composite material. 

[0090] Then, the composite material was pulverized 
to 200-mesh and under in a cutter mill, heated up to 
250°C in air at a rate of 3°C/min. and maintained at that 
temperature for one hour. The product was heated up to 
1 ,000°C in a nitrogen gas stream at a rate of 20°C/h and 
maintained at that temperature for one hour, thereby 
carbonizing the pitch. The carbonized product was dis- 
integrated to 200-mesh and under in a cutter mill, 
thereby obtaining a Si-C composite powder. The Si-C 
composite powder was used as a negative electrode- 
active material. 

[0091] Analysis of the negative electrode-active 
material revealed that peaks showing diffractions of C 
and Si were observed. The d (002) interplanar spacing 
of C was found to be 0.3358 nm, and the average parti- 
cle size of Si determined by cross-sectional observation 
was found to be 1.8 jum, with an R value of 1.3 and a 
specific surface area of 9 m 2 /g. On the other hand, a 
carbonaceous material hardness ratio of the inward 
level of 1 nm from the powder surface to that of 10 nm 
was found to be 1 .3. 

[0092] The negative electrode-active material, 
scale-form graphite having an average particle size of 
10 u.m as a negative electrode electroconductive mate- 
rial, PVDF as a binder and a 20 pirn-thick Cu foil as a 
negative electrode current collector were used. The 
negative electrode-active material, the scale-form 
graphite and PVDF were mixed together in a ratio of 
60:30:10 by weight together with N-methylpyrrolidone to 
prepare a slurry of negative electrode mix. The slurry 
was applied to both sides of the Cu foil, followed by vac- 
uum drying at 120°C for one hour and subsequent 
press molding into an electrode piece by a roller press. 
Then A negative electrode, 40 mm wide and 290 mm 
long, was cut of the electrode piece, thereby preparing 
the negative electrode. A ratio of the applied negative 
electrode mix to the applied positive electrode mix was 
1 :10 by weight. The Cu foil was exposed in 10 mm-long, 
negative electrode mix-uncoated regions at both edges 
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of the negative electrode, as in the case of the positive 
electrode. A Ni negative electrode tab was pressure 
welded to one end of the negative electrode by ultra- 
sonic welding. 

[0093] A porous polypropylene film, 25 thick 5 
and 44 mm wide, was used as a separator. As an elec- 
trolytic solution, a solution containing 1 mole// of LiPF 6 
dissolved in a 1 :2 (by weight) solvent mixture of EC and 
DMC was used. 

[0094] a The lithium secondary battery thus produced w 
was subjected to repetitions of charging/discharging 
with a charge/discharge current of 300 mA at a charge 
end voltage of 4.2 V and a discharge end voltage of 2.8 
V. As a result, a maximum discharge capacity was found 
to be 1357 mAh and a discharge capacity maintenance 15 
ratio of the 200th cycle to the maximum discharge 
capacity was found to be 86%. 

Comparative Example 2 

20 

[0095] For comparison, scale-form graphite having 
an average particle size of 20 \im was used for the neg- 
ative electrode-active material. A negative electrode 
was prepared by adjusting a ratio of the negative elec- 
trode-active material to PVDF to 90:1 0 by weight, and a 25 
lithium secondary battery was produced in the same 
manner as in Example 4, where a ratio of the negative 
electrode mix to the positive electrode mix was 1 :2 by 
weight. 

[0096] The lithium secondary battery was subjected 30 
to repetitions of charging/discharging with a charge/dis- 
charge current of 300 mA at a charge end voltage of 4.2 
V and a discharge end voltage of 2.8 V. As a result, a 
maximum discharge capacity was found to be 734 mAh. 
A discharge capacity maintenance ratio of the 200th 35 
cycle to the maximum discharge capacity was found to 
be 85%. 

[0097] The results show that the present lithium 
secondary battery has a high capacity and also equiva- 
lent or superior cycle characteristics, as compared with 40 
the conventional ones. 

Example 5 

[0098] A square type battery was produced as a 45 
lithium secondary battery according to the present 
invention. 

[0099] A mixture of lithium cobalt oxide LiCo0 2 hav- 
ing an average particle size of 10 ^m, scale-form graph- 
ite and PVDF in a ratio of 90:6:4 by weight was mixed so 
with N-methylpyrro!idone and thoroughly kneaded to 
prepare a slurry. The slurry was applied to both sides of 
a 20 nm-thick Al foil by a doctor blade method and dried 
at 100°C for 2 hours. The positive electrode was in a 
strip form, 70 mm x 120 mm. 55 
[0100] A negative electrode -active material was 
prepared in the following manner. Si particles having an 
average particle size of 1 jim and graphite particles hav- 



ing an average particle size of 1 jim were joined 
together in a ratio of 30:70 by weight and subjected to a 
ball mill treatment for 24 hours, where the ball mill ves- 
sel and balls were made from stainless steel, and the 
powder preparation and the ball mill treatment were car- 
ried out in an Ar atmosphere. The resulting composite 
material, petroleum pitch and tetrahydrofuran were 
mixed together in a ratio of 100:50:500 by weight and 
stirred under reflux for one hour. Tetrahydrofuran was 
removed therefrom in a rotary evaporator, followed by 
vacuum drying at 1 50°C for 3 hours, thereby obtaining a 
Si-C composite powder/pitch composite material. The 
composite material was disintegrated to 200-mesh and 
under by a cutter mill, then heated up to 250°C in air at 
a rate of 3°C/min and maintained at that temperature for 
one hour. Then, the product was heated up to 1,100°C 
in a nitrogen gas stream at a rate of 20°C/h and main- 
tained at that temperature for one hour, thereby carbon- 
izing the pitch. The carbonized product was 
disintegrated to 200-mesh and under by a cutter mill, 
thereby obtaining a Si-C composite powder. 
[0101] The negative electrode-active material, 
PVDF as a binder and a 20 jim-thick Cu foil as a nega- 
tive electrode current collector were used. The negative 
electrode-active material and PVDF were mixed 
together in a ratio of 90:10 by weight together with N- 
methylpyrroltdone to prepare a slurry of negative elec- 
trode mix. The slurry was applied to both sides of the Cu 
foil by a doctor blade method and dried at 100°C for 2 
hours. The negative electrode was in a strip form, 70 
mm x 120 mm. 

[0102] Figs. 4A and 4B are the top view and the 
cross-sectional view of a square form lithium secondary 
battery, respectively. 

[0103] The square form lithium secondary battery 
had such outside dimensions as 100 mm high, 130 mm 
wide and 30 mm deep. An electrode assembly compris- 
ing positive electrodes 31 and negative electrodes 32 as 
alternately laminated in a bag-formed polyethylene sep- 
arator 33 was inserted into an Al battery can 34, where 
a ratio of positive electrode mix to negative electrode 
mix was 5:1 by weight. Positive electrode leads 35 and 
negative electrode leads 37 welded to the tops of the 
respective corresponding electrodes were connected to 
a positive electrode terminal 38 and a negative elec- 
trode terminal 39, respectively. The positive electrode 
terminal 38 and the negative electrode terminal 39 were 
inserted into a battery lid 41 through polypropylene 
packings 40. An external cable and the battery can 
could be connected to each other by nuts 50 provided at 
the positive electrode terminal 38 and the negative elec- 
trode terminal 39, respectively. The battery lid 41 was 
provided with a safety valve for discharging a gas accu- 
mulated in the battery when the pressure in the battery 
reaches 4-7 atmospheres and an electrolytic solution 
inlet. The safety valve comprised a gas discharge outlet 
port 42, an O-ring 43 and a sealing bolt 44. The electro- 
lytic solution inlet comprised an inlet port 45, an O-ring 
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46 and a sealing bolt 47, After laser welding of the bat- 
tery can 34 to the battery lid 41 , an electrolytic solution 
was introduced therein through the inlet port 45 and 
then the inlet port 45 was tightly closed by the sealing 
bolt 47, thereby completing the square type lithium sec- 5 
ondary battery. The electrolytic solution used was a 
solution containing 1 mole/f of LiPF 6 dissolved in a 1 :2 
(by weight) solvent mixture of EC and DMC. The battery 
had an average discharge voltage of 3.4 V and a rated 
capacity of 38 Ah with 1 30 Wh. w 
[0104] The square type lithium secondary batteries 
51 were arranged in a row so that their 100 mm x 130 
mm sides could be counterposed to one another while 
keeping the battery lids 41 upward to make up a battery 
assembly of 8 batteries as conned to one another in 15 
series, as shown in Fig. 5. Two polytetrafluoroethylene 
spacers 52, 2 mm x 10 mm x 100 mm, were inserted 
between the adjacent counterposed sides of batteries 
51 along the height direction. Stainless steel metal 
plates 53 and polytetrafluoroethylene fixing parts 58 20 
fixed to the front and the back, and the sides of the bat- 
tery assembly, respectively, were set and secured by 
bolts 59 so as to apply an inward pressure to the batter- 
ies 51. A rib-formed projection 60 was formed on each 
of the stainless steel metal plates 53. Positive electrode 25 
terminals and negative electrode terminals on the 
respective square type batteries 51 were connected by 
electric cables so as to bring ail the batteries into series 
connection with further connection to a positive elec- 
trode terminal 54 and a negative electrode terminal 55 30 
of the battery assembly, respectively. Furthermore, the 
positive electrode terminals and the negative electrode 
terminals of the respective batteries 51 were connected 
to a control circuit substrate 56 through a positive elec- 
trode voltage input cable and a negative electrode volt- 35 
age input cable, respectively, and the voltage and the 
currents of the respective batteries were measured for 
charge/discharge control of the battery assembly. The 
control circuit substrate 56 was provided with a micro- 
computer so as to have a function of stopping the charg- 40 
ing/discharging of the battery assembly when one of the 
voltage and the current of at least one of batteries 51 
comes off a given range. A thermocouple 57 was pro- 
vided on the side of battery at the 4th position from the 
back end to input its temperature signal to the control 45 
circuit substrate 56 so as to stop charging/discharging 
when the battery temperature exceeds a given temper- 
ature. The battery assembly had an average discharge 
voltage of 27.2 V and a rated capacity of 38 Ah with 
1,030 Wh. so 
[0105] This example shows that the electrode 
assembly was of a lamination type of strip electrodes, 
but the same battery assembly as in this example can 
be made up from a flat, ellipsoidal coil type. 

55 

Comparative Example 3 

[01 06] Square type lithium secondary batteries and 



their battery assembly were produced in the same man- 
ner as in Example 5, but scale-form graphite having an 
average particle size of 20 jum was used for the negative 
electrode-active material and a ratio of the negative 
electrode mix to the positive electrode mix was 1 :2 by 
weight. 

[01 07] The square type battery had an average dis- 
charge voltage of 3.7 V and a rated capacity of 27 Ah 
with 100 Wh. The battery assembly had an average dis- 
charge voltage of 29.6 V with a rated capacity of 27 Ah 
with 800 Wh. 

Example 6 

[01 08] A positive electrode, 5,000 mm long and 150 
mm wide, and a negative electrode, 5,100 mm long and 
155 mm wide, were prepared in the same manner as in 
Example 5. 

[0109] Fig. 6 shows a cross-sectional view of a 
cylindrical type lithium secondary battery according to 
the present invention. The outside dimensions of the 
battery were 200 mm high and 60 mm in diameter. 
[01 1 0] An electrode assembly was in a coiled struc- 
ture comprising a positive electrode 61 comprising a 
positive electrode current collector 61a and a positive 
electrode mix 61b. a negative electrode 62 comprising a 
negative electrode current collector 62a and a negative 
electrode mix 62b. the positive electrode 61 and the 
negative electrode 62 being coiled through a separator 
63 therebetween. 

[0111] Positive electrode leads 65 and negative 
electrode leads 67 welded to the top of the respective 
corresponding electrodes were provided at positions 
opposite to each other at a rate of 1 0 band-formed leads 
per electrode. The positive electrode leads 65^and the 
negative electrode leads 67 as a whole were welded to 
a positive electrode terminal 68 and a negative elec- 
trode terminal 69, respectively. The positive electrode 
terminal 68 and the negative electrode terminal 69 were 
fixed to a battery lid 71 in an insulated state by polypro- 
pylene packings. After laser welding of a tubular Al bat- 
tery can 64 to the battery lid 71, the battery inside was 
evacuated in vacuum, while keeping a safety valve 80 
having both functions of releasing the inside pressure 
and sealing the inlet for an electrolytic solution off the 
battery lid 71, and then the electrolytic solution was 
quicWy introduced into the battery. Then, the safety 
valve 80 was fixed to the battery lid 71 to tightly close 
the battery. The safety valve can release the gas when 
the inside pressure of the battery reaches 3 - 7 atmos- 
pheres. The cylindrical type battery had an average dis- 
charge voltage of 3.4 V and a rated capacity of 38 Ah 
with 130 Wh. 

[0112] Figs. 7A and 7B show the top view and the 
cross-sectional view of a battery assembly of the cylin- 
drical type lithium secondary batteries. The battery 
assembly was in such a structure that total 8 cylindrical 
type batteries were arranged so that 4 thereof could 
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take the upper position and the remaining 4 could take 
the lower position. Polytetrafluoroethylene fixing parts 
82 were arranged as shown in Figs. 7a and 7b to fix 8 
batteries 81. The positive electrode terminals 68 and 
the negative electrode terminals 69 of cylindrical type 5 
batteries 81 were connected by electric cables 83 so as 
to bring all the batteries into series connection with fur- 
ther connection to a positive electrode terminal 84 and 
a negative electrode terminal 85 of the battery assem- 
bly, respectively. To shorten the lengths of the electric w 
cables 83 of the cylindrical type batteries, the direction 
of the positive electrode terminals and the negative 
electrode terminals of the respective batteries 81 were 
alternated. The positive electrode terminals 68 and the 
negative electrode terminals 69 of the respective batter- 15 
ies 81 were connected to a control circuit substrate 87 
through voltage input cables 86, respectively, to meas- 
ure voltages of the respective batteries for charge/dis- 
charge control of the battery assembly. A thermocouple 
89 was fixed to the inside surface of the battery 20 
arranged at the upper position to input its temperature 
signal to the control circuit substrate 87. The control cir- 
cuit substrate 87 was provided with a microcomputer so 
as to have a function of stopping the charging/discharg- 
ing of the battery assembly when the voltage of the bat- 2 s 
teries as a whole and the inside temperature of the 
battery assembly come off a given range. The battery 
assembly had an average discharge voltage of 27.2 V 
and a rated capacity of 38 Ah with 1 ,030 Wh. In Figs. 7A 
and 7B, numeral_80 denotes a safty valve, 85 negative 30 
electrode terminal, 84 positive electrode terminal and 
88 a container. 

Example 7 

35 

[0113] 12 sets of battery assemblies having the 
same specification as in Example 6 were produced and 
arranged in series connection to provide a battery 
assembly module. The battery assembly module was 
mounted on an electric car. The battery assembly mod- 40 
ule was provided on the bottom of the electric car body. 
By operating a control unit with a wheel by a driver, an 
output from the battery assembly module was adjusted 
to transmit power to a converter. By utilizing the power 
from the converter, the motor and wheels were driven to 45 
drive the electric car. When the electric car was driven 
at a rated capacity of 80% by one charging, the capacity 
reduction ratio of the battery assemblies was 2-5% after 
100 runs of driving. 

50 

Example 8 

[0114] Si particles having an average particle size 
of 10 u.m and graphite particles having an average par- 
ticle size of 20 nm were joined together in a ratio of 55 
50:50 by weight and subjected to repetitions of mechan- 
ical pressure welding in a planetary ball mill for 24 
hours, where the ball mill vessel and balls were made 



from stainless steel, and the powder preparation and 
the ball mill treatment were carried out in an Ar atmos- 
phere. 

[0115] Analysis of the resulting Si-C composite 
powder by wide angle X-ray diffraction revealed that 
peaks showing diffractions of C and Si were observed. 
The d (002) interplanar spacing of C was found to be 
0.3358 nm and Lc was found to be 45 nm. No silicon 
carbide diffraction peaks were observed. The R value 
was found to be 0.3. As a result of observing the cross- 
section of the composite powder, it was found that the Si 
particles were embedded in the carbonaceous material 
and had an average particle size of 1.2 |im, though the 
actual average particle size seems to be more than 12 
\xm. The Si-C composite powder had a specific surface 
area of 63 m 2 /g. 

[0116] The Si-C composite powder and a solution 
of PVDF in N-methylpyrrolidone were kneaded in a ratio 
of Si-C composite power : PVDF = 85:15 by weight and 
the resulting slurry was applied to a 20 nm-thick Cu foil, 
followed by drying at 120°C for one hour, press molding 
into an electrode piece by a roller press and ultimate 
blanking of the electrode piece into a negative elec- 
trode, 20 mm in diameter. 

[0117] UCo0 2 powder having an average particle 
size to 10 M^m was used for a positive electrode-active 
material. The LiCo0 2 powder, graphite and PVDF were 
mixed together in a ratio of 90:6:4 by weight to form a 
slurry. PVDF was used in solution in N-methylpyrro- 
lidone as in the case of the negative electrode. The 
slurry was thoroughly kneaded and applied to a 20 \im- 
thick Al foil, followed by drying at 120°C for one hour, 
press molding into an electrode piece by a roller press 
and ultimate blanking of the electrode piece into a posi- 
tive electrode, 20 mm in diameter. A ratio of the positive 
electrode mix to the negative electrode mix was 15 
owing to the larger negative electrode capacity. 
[01 1 8] The negative electrode and the positive elec- 
trode so prepared were built into a coin type battery as 
shown in Fig. 1 to evaluate their characteristics. A posi- 
tive electrode 21 comprising a positive electrode current 
collector 2a and a positive electrode mix 2b was 
mounted on a stainless steel positive electrode can 1 by 
spot welding, whereas a negative electrode 4 compris- 
ing a negative electrode current collector 4a and a neg- 
ative electrode mix 4b was mounted on a stainless steel 
negative electrode can 3 by spot welding. Both the pos- 
itive electrode and the negative electrode were impreg- 
nated with an electrolytic solution containing 1 mole/^ of 
LiPF 6 in a 1 :2 (by weight) solvent mixture of ethylene 
carbonate (EC) and dimethyl carbonate (DMC) and 
counterposed to each other through a polyethylene sep- 
arator 5 therebetween. The positive electrode and the 
negative electrode can were pressure welded to each 
other through an insulating gasket 6. 
[0119] The resulting battery was subjected to a 
charging/discharging cycle test by charging with a 
charge current of 1 mA at a charge end voltage of 4.2 V 
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and discharging with a discharge current of 1 mA at a 
discharge end voltage of 2.7 V. As a result, it was found 
that the initial discharge capacity of the battery was 12.5 
mAh and the irreversible capacity ratio was 24%. On the 
other hand, a discharge capacity maintenance ratio of 
the 100th cycle to the 1st cycle was found to be 85%. 

Example 9 

[0120] Si particles having an average particle size 
of 1 u.m and graphite particles having an average parti- 
cle size of 20 u.m were joined together in a ratio of 80:20 
by weight and subjected to a ball mil! treatment in a 
planetary ball mill for 48 hours, and then admixed with 
the same amount of the treated particles and further 
subjected to the ball mill treatment for 12 hours, where 
the ball mill vessel and balls were made from stainless 
steel and the powder preparation and the ball mill treat- 
ment were carried out in an Ar atmosphere. 
[0121] Analysis of the resulting Si-C composite 
powder by wide angle X-ray diffraction revealed that 
peaks showing diffractions of C and Si were observed. 
The d (002) interplanar spacing of C was found 0.3352 
nm and Lc was found to be 52 nm. No silicon carbide 
diffraction peaks were observed. The R value was found 
to be 0.25. As a result of observing the cross-section of 
the composite powder, it was found that the Si particles 
were embedded in the carbonaceous material and had 
an average particle size of 0.7 nm. The Si-C composite 
powder had a specific surface area of 49 m 2 /g. 
[0122] A battery using the Si-C composite powder 
as a negative electrode-active material was produced in 
the same manner as in Example 8, where LiCo0 2 hav- 
ing an average particle size of 10 nm was used for the 
negative electrode-active material, but a solution con- 
taining 1 moletf of LiCP0 4 in a 1:2 (by weight) solvent 
mixture of EC and DMC was used as an electrolytic 
solution. 

[0123] The lithium secondary battery so produced 
was subjected to a charging/discharging cycle test by 
charging with a charge current of 1 m A at a charge end 
voltage of 4.2 V and discharging with a discharge cur- 
rent of 1 mA at a discharge end voltage of 2.7 V. As a 
result, the initial discharge capacity of the battery was 
found to be 1 1 .0 mAh and the irreversible capacity ratio 
was found to be 20%. On the other hand, a discharge 
capacity maintenance ratio of the 100th cycle to the 1st 
cycle was found to be 88%. 

Example 10 

[0124] The Si-C composite powder prepared in 
Example 8, coal pitch and tetrahydrofuran were mixed 
together in a ratio of 100:30:300 by weight and stirred 
under reflux for one hour. Tetrahydrofuran was removed 
therefrom in a rotary evaporator, followed by vacuum 
drying at 150°C for 3 hours, thereby obtaining a Si-C 
composite powder/pitch composite material. Then, the 



composite material was disintegrated to 200-mesh and 
under in a cutter mill, heated up to 250°C in air at a rate 
ol 3°C/min and maintained at that temperature for one 
hour. Then, the product was heated up to 1 ,000°C in a 

5 nitrogen gas stream at a rate of 20°C/h and maintained 
at that temperature, thereby carbonizing the pitch. The 
carbonized product was disintegrated to 200-mesh and 
under in a cutter mill, thereby obtaining a Si-C compos- 
ite powder. Analysis of the resulting Si-C composite 

70 powder by X-ray diffraction revealed that peaks showing' 
diffractions of C and Si were observed. The d (002) 
interplanar spacing of C was found to be 0.3359 nm and 
0.3365 nm as two peaks. No silicon carbide diffraction 
peaks were observed. The R value was found to be 0.6 

75 and the Si-C composite powder had a specific surface 
area of 35 m 2 /g. 

[01 25] A battery using the Si-C composite powder 
as a negative electrode -active material was produced in 
the same manner as in Example 8, but LiNi 0 8 Co 02 O 2 
20 having an average particle size of 1 0 jum was used as a 
positive electrode-active material, and a solution con- 
taining 1 rr\o\e/£ of LiPF 6 in a 3:6:1 (by weight) solvent 
mixture of EC, DMC and DEC was used as an electro- 
lytic solution. 

25 [01 26] The battery so produced was subjected to a 
charging/discharging cycle test by charging with a 
charge current of 1 mA at a charge end voltage of 4.15 
V and discharging with a discharge current of 1 mA at a 
discharge end voltage of 2.8 V. As a result, it was found 

30 that the initial discharge capacity of the battery was 10.2 
mAh and the irreversible capacity ratio was 19%. On the 
other hand, a discharge capacity maintenance ratio of 
the 100th cycle to the 1st cycle was found to be 92%. 

35 Example 1 1 

[0127] The Si-C composite powder prepared in 
Example 10, graphite powder having an average parti- 
cle size of 15 urn and PVDF were mixed together in a 

40 ratio of 30:70:10 by weight to prepare a slurry. After 
thorough kneading of the slurry, a negative electrode 
was prepared, using the slurry in the same manner as in 
Example 1 , and a coin type battery was produced in the 
same manner as in Example 8, where LiMn 2 0 4 having 

45 an average particle size of 1 0 was used as a positive 
electrode-active material. 

[0128] The lithium secondary battery so produced 
was subjected to a charging/discharging test by charg- 
ing with a charge current of 1 mA at a charge end volt- 

50 age of 4.3 V and discharging with a discharge current of 
1 mA at a discharge end voltage of 2.8 V. As a result, it 
was found that the initial discharge capacity of the bat- 
tery was 34.8 mAh and the irreversible capacity ratio 
was 12%. On the other hand, a discharge capacity 

55 maintenance ratio of the 100th cycle to the first cycle 
was found to be 96%. 
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Example 12 

[0129] Ge particles having an average particle size 
of 20 jim and graphite particles having an average par- 
ticle size of 10 fim were joined together in a ratio of 5 
70:30 by weight and subjected to a ball mill treatment for 
6 hours, where the ball mill vessel and balls were made 
from stainless steel and the powder preparation and the 
ball mill treatment were carried out in an Ar atmosphere. 
Furthermore, the product was heated at 900°C in an Ar io 
atmosphere for 5 hours. Analysis of the resulting Ge-C 
composite powder by wide angle X-ray diffraction 
revealed that peaks showing diffractions of C and Ge 
were observed. The d (002) interplanar spacing of C 
was found to be 0.3355 nm and Lc was found to be 55 15 
nm. No germanium carbide diffraction peaks were 
observed. The R value was found to be 0.2. As a result 
of observing the cross-section of the composite powder, 
it was found that the Ge particles were embedded in the 
carbonaceous material and had an average particle 20 
size of 2.3 jim. The Ge-C composite powder had a spe- 
cific surface area of 49 m 2 /g. 

[0130] A battery using the Ge-C composite powder 
as a negative electrode-active material was produced in 
the same manner as in Example 8. where LiNi0 2 having 25 
an average particle size of 15 nm was used as a positive 
electrode-active materia! and EPDM was used as a 
binder to prepare a slurry together with xylylene, fol- 
lowed by drying based on vacuum degassing at room 
temperature. A solution containing 1 mole// of lithium 30 
borofluoride LiBF 4 dissolved in a 1 :2 (by weight) solvent 
mixture^of EC and EMC was used as an electrolytic 
solution. 

[0131] The lithium secondary battery so produced 
was subjected to a charging/discharging cycle test by 35 
charging with a charge current of 0.5mA at a charge end 
voltage of 4.2 V and discharging with a discharge cur- 
rent of 0.5 mA at a discharge end voltage of 2.7 V. As a 
result, it was found that the initial discharge capacity of 
the battery was 10.5 mAh and the irreversible capacity 40 
ratio was 22%. A discharge capacity maintenance ratio 
of the 100th cycle to the 1st cycle was found to be 86%. 

Example 13 

45 

[0132] Ge particles having an average particle size 
of 10 and graphite particles having an average par- 
ticle size of 10 jim were joined together in a ratio of 
20:80 by weight and subjected to a ball mill treatment for 
72 hours, where the ball mill vessel and balls were so 
made from stainless steel, and the powder preparation 
and the ball mill treatment were carried out in an Ar 
atmosphere. Furthermore, the product was heated at 
1 ,000°C in an Ar atmosphere for one hour. The resulting 
Ge-C composite powder, coal pitch and tetrahydrofuran 55 
were mixed together in a ratio of 100:50:500 by weight 
and stirred under reflux for one hour. Tetrahydrofuran 
was removed therefrom in a rotary evaporator, followed 



by vacuum drying at 150°C for 3 hours, thereby obtain- 
ing a Ge-C composite powder/pitch composite material. 
The composite material was disintegrated to 200-mesh 
and under in a cutter mill, heated up to 250°C in air at a 
rate of 3°C/min and maintained at that temperature for 
one hour. Then, the product was heated up to 1,200°C 
in a nitrogen gas stream at a rate of 20°C/h and main- 
tained at that temperature, thereby carbonizing the coal 
pitch. The carbonized product was disintegrated to 200- 
mesh and under in a cutter mill, thereby obtaining a Ge- 
C composite powder. Analysis of the resulting Ge-C 
composite powder by wide angle X-ray diffraction 
revealed that peaks showing diffractions of C and Ge 
were observed. The d (002) interplanar spacing of C 
was found to be 0.3356 nm and 0.3368 nm as two 
peaks. No germanium carbide diffraction peaks were 
observed. The average particle size of Ge particles 
determined by cross-sectional observation was found to 
be 0.8 jim and the R value was found to be 1 .0. The Ge- 
C composite powder had a specific surface area of 14 
m 2 /g. 

[01 33] A battery using the Ge-C composite powder 
as a negative electrode-active material was produced in 
the same manner as in Example 1 , where a solution 
containing 1.5 moles// of LiPF 6 dissolved in a 2:3 (by 
weight) solvent mixture of PC and DMC was used as an 
electrolytic solution. 

[0134] The lithium secondary battery so produced 
was subjected to a charging/discharging cycle test by 
charging with a charge current of 2 mA at a charge end 
voltage of 4.2 V and discharging with a discharge cur- 
rent of 2mA at a discharge end voltage of 2.7 V. As a 
result, it was found that the initial charge capacity of the 
battery was 6.0 mAh and the irreversible capacity ratio 
was 15%. On the other hand, a discharge capacity 
maintenance ratio of the 100th cycle to the 1st cycle 
was found to be 93%. 

Example 14 

[01 35] Si particles having an average particle size 
of 1 0 jim and graphite particles having an average par- 
ticle size of 20 ^im were joined together in a ratio of 
20:80 by weight and subjected to a ball mill treatment for 
48 hours, where the ball mill vessel and balls were 
made from stainless steel and the powder preparation 
and the ball mill treatment were carried out in an Ar 
atmosphere. The resulting Si-C composite powder, 
petroleum pitch and tetrahydrofuran were mixed 
together in a ratio of 100:70:700 by weight and stirred 
under reflux for one hour. Tetrahydrofuran was removed 
therefrom in a rotary evaporator, followed by vacuum 
drying at 150°C for 3 hours, thereby obtaining a Si-C 
composite powder/pitch composite material. The com- 
posite material was disintegrated to 200-mesh and 
under in a cutter mill, heated up to 350°C in air at a rate 
of 3°C/min and maintained at that temperature for one 
hour. Then, the product was heated up to 1.100°C in a 
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nitrogen gas stream at a rate of 20°C/h and maintained 
at that temperature, thereby carbonizing the petroleum 
pitch. The carbonized product was disintegrated to 200- 
mesh and under in a cutter mill, thereby obtaining a Si- 
C composite powder. Analysis of the resulting Si-C 
composite powder by wide angle X-ray diffraction 
revealed that peaks showing diffractions of C, Si and sil- 
icon carbide were observed. The d (002) interplanar 
spacing of C was found to be 0.3361 nm and 0.3378 nm 
as two peaks, but the d (002) interplanar spacing deter- 
mined from the peak showing a maximum intensity was 
found to be 0.3361 nm. A diffraction peak intensity ratio 
of silicon carbide at the position of 20 = about 35 deg to 
the background was found to be 0.1 . The average parti- 
cle size of Si particles determined by cross-sectional 
observation was found to be 2.2 nm and the R value 
was found to be 1.3. The Si-C composite powder had a 
specific surface area of 20 m 2 /g. 

[01 36] A battery using the Si-C composite powder 
as a negative electrode-active material was produced in 
the same manner as in Example 1, where a solution 
containing 1.5 moles// of LiPF 6 dissolved in a 1:2 (by 
weight) solvent mixture of EC and DMC was used as an 
electrolytic solution. 

[0137] The lithium secondary battery so produced 
was subjected to a charging/discharging cycle test by 
charging with a charge current of 2 mA at a charge end 
voltage of 4.2 V and discharging with a discharge cur- 
rent of 2 mA at a discharge end voltage of 2.7 V. As a 
result, it was found that the initial discharge capacity of 
the battery was 4.1 mAh and the irreversible capacity 
ratio was 9%. On the other hand, a discharge capacity 
maintenance ratio of the 100th cycle to the 1st cycle 
was found to be 95%. 

Example 15 

[0138] Si particles having an average particle size 
of 1 nm, petroleum pitch and tetrahydrofuran were 
mixed together in a ratio of 100:70:700 by weight and 
stirred under reflux for one hour. Tetrahydrofuran was 
removed in rotary evaporator, followed by vacuum dry- 
ing at 150°C to 3 hours, obtaining a Si/pitch composite 
material. The composite material was disintegrated to 
200-mesh and under in a cutter mill, heated to 250°C in 
air at a rate of 3°C/min and maintained at that tempera- 
ture for one hour. Then, the product was heated up to 
1 ,1 00°C in a nitrogen gas stream at a rate of 20°C/h and 
maintained at that temperature, thereby carbonizing the 
pitch. The carbonized product was disintegrated to 200- 
mesh and under in a cutter mill, thereby obtaining a Si- 
C composite powder. Analysis of the resulting Si-C 
composite powder by wide angle X-ray diffraction 
revealed that peaks showing diffractions of C, Si and sil- 
icon carbide were observed, where the diffraction peak 
intensity of the silicon carbide was weak. The d (002) 
interplanar spacing of C was found to be 0.3369 nm and 
Lc was found to be 15 nm. A diffraction peak intensity 



ratio of silicon carbide at the position of 26 = about 35 
deg to the background was found to be 0.3. The R value 
was found to be 1 .4. The Si-C composite powder had a 
specific surface area of 7 m 2 /g. 

5 [0139] A battery using the Si-C composite powder 
as a negative electrode-active material was produced in 
the same manner as in Example 1, where a solution 
containing 1.0 tr\o\e/£ of LiPF 6 dissolved in a 1:2 (by 
weight) solvent mixture of EC and DMC was used as an 

10 electrolytic solution. 

[0140] The lithium secondary battery so produced 
was subjected to a charging/discharging cycle test by 
charging with a charge current of 1 mA at a charge end 
voltage of 4.2 V and discharging with a discharge cur- 

75 rent of 1 mA at a discharge end voltage of 2.7 V. As a 
result, it was found that the initial discharge capacity of 
the battery was 15.3 mAh and the irreversible capacity 
ratio was 23%. On the other hand, a discharge capacity 
maintenance ratio of the 100th cycle to the 1st cycle 

20 was found to be 81%. 

Comparative Example 4 

[0141] Si particles having an average particle size 

25 of 3 |im and graphite particles having an average parti- 
cle size of 20 nm were joined together in a ratio of 30:70 
by weight and subjected to a ball mill treatment for 72 
hours, where the ball mill vessel and balls were made 
from stainless steel, and the powder preparation and 

30 the ball mill treatment were carried out in an Ar atmos- 
phere. The resulting Si-C composite powder, coal pitch 
and tetrahydrofuran were mixed together in a ratio of 
100:50:500 by weight and stirred under reflux for one 
hour. Tetrahydrofuran was removed therefrom in a 

35 rotary evaporator, followed by vacuum drying at 1 50°C 
for 3 hours, thereby obtaining a Si-C composite pow- 
der/pitch composite material. The composite material 
was disintegrated to 200-mesh and under in a cutter 
mill, heated up to 250°C in air at a rate of 3°C/min and 

40 maintained at that temperature for one hour. Then, the 
product was heated up to 1,800°C in a nitrogen gas 
stream at a rate of 20°C/h and maintained at that tem- 
perature for one hour, thereby carbonizing the pitch. 
The carbonized product was disintegrated to 200-mesh 

45 and under in a cutter mill, thereby obtaining a Si-C com- 
posite powder. Analysis of the resulting Si-C composite 
powder by wide angle X-ray diffraction revealed that 
peaks showing diffractions of C, Si and silicon carbide 
were observed, where the diffraction peak intensity of 

so silicon carbide was weak. The d (002) interplanar spac- 
ing of C was found to be 0.3359 nm. A diffraction peak 
intensity of silicon carbide at the position of 29 = about 
35 deg to the background was found to be 6.0. The R 
value was found to be 0.6. The Si-C composite powder 

55 had a specific surface area of 36 m 2 /g. 

[0142] A battery using the Si-C composite powder 
as a negative electrode-active material was produced in 
the same manner as in Example 8, where a solution 
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containing 1.0 moletf of LiPF 6 dissolved in a 1:2 (by 
weight) solvent mixture of EC and DMC was used as an 
electrolytic solution. 

[0143] The lithium secondary battery so produced 
was subjected to a charging/discharging cycle test by 5 
charging with a charge current of 1 mA at a charge end 
voltage of 4.2 V and discharging with a discharge cur- 
rent of 1 mA at a discharge end voltage of 2.7 V. As a 
result, it was found that the initial discharge capacity of 
the battery was 1 .6 mAh and the irreversible capacity io 
ratio was 3.8%. On the other hand, a discharge capacity 
maintenance ratio of the 100th cycle to the 1st cycle 
was lound to be 98%. 

Comparative Example 5 is 

[0144] Si particles having an average particle size 
of 1 urn, petroleum pitch and tetrahydrofuran were 
mixed together in a ratio of 100:50:500 by weight and 
stirred under reflux for one hour. Tetrahydrofuran was 20 
removed therefrom in a rotary evaporator, followed by 
vacuum drying at 1 50°C for 3 hours, thereby obtaining a 
Si/prtch composite material. The composite material 
was disintegrated to 200-mesh and under in a cutter 
mill, heated up to 250°C in air at a rate of 3°C/min and 25 
maintained at that temperature for one hour. Then, the 
product was heated up to 700°C in a nitrogen gas 
stream at a rate of 20°C/h and maintained at that tem- 
perature for one hour, thereby carbonizing the pitch. 
The carbonized product was disintegrated to 200-mesh 30 
and under in a cutter mill, thereby obtaining a Si-C com- 
posrte powder Analysis of the resulting Si-C composite 
powder by w»de angle X-ray diffraction revealed that 
peaks showing diffractions of C, Si and silicon carbide 
were observed, where the diffraction peak intensity of 35 
silicon cartade was weak. The d (002) interplanar spac- 
ing erf C was found to be 0.359 nm. A diffraction peak 
intensity ratio of silicon carbide at the position of 20 = 
about 35 deg to the background was found to be 0.1. 
The R value was found to be 1.7. The Si-C composite 40 
powder had a specific surface area of 7 m 2 /g. 
[0145] A battery using the Si-C composite powder 
as a negative electrode-active material was produced in 
the same manner as in Example 8, where a solution 
containing 1.0 mole//' of LiPF 6 dissolved in a 1:2 (by 45 
weight) solvent mixture of EC and DMC was used as an 
electrolytic solution. 

[0146] The lithium secondary battery so produced 
was subjected to a charging/discharging cycle test by 
charging with a charge current of 1 mA at a charge end so 
voltage of 4.2 V and discharging with a discharge cur- 
rent of 1 mA at a discharge end voltage of 2.7 V. As a 
result, it was found that the initial discharge capacity of 
the battery was 16.2 mAh and the irreversible capacity 
ratio was 25%. On the other hand, a discharge capacity 55 
maintenance ratio of the 100th cycle to the 1st cycle 
was found to be 2%. 

[0147] A lithium secondary battery having distin- 



guished cycle characteristics as not obtainable from by 
a negative electrode-active material containing single 
particles comprising at least one of elements capable of 
forming a compound with Li and a high capacity as not 
obtainable from a carbonaceous material can be pro- 
vided in the present invention by using a negative elec- 
trode-active material containing particles comprising a 
carbonaceous material and at least one of elements 
capable of forming a compound with Li, the carbona- 
ceous material has a d (002) interplanar spacing by X- 
ray diffraction of 0.3350 nm - 0.3450 nm, the particles 
being embedded in a plurality of layers of the carbona- 
ceous material. 

Claims 

1. A lithium secondary battery, which comprises a 
positive electrode (2, 13, 31, 61), a negative elec- 
trode (4, 16, 32, 62) containing a lithium ion-stora- 
ble/dischargeable negative electrode-active 
material and lithium ion conductive, non-aqueous 
electrolytic solution or polymer electrolyte, the neg- 
ative electrode-active material containing a carbon- 
aceous material and particles comprising at least 
one of elements capable of forming a compound 
with lithium, the elements having a melting point of 
at least 900°C and a thermal expansion coefficient 
of not more than 9 ppm/K at room temperature, the 
particles being embedded in a plurality of layers of 
the carbonaceous materials, and the particles 
together with a carbonaceous material being sub- 
jected to a mechanical treatment to make size 
reduction of the initial particle sizes in advance. 

2. A lithium secondary battery according to Claim 1 , 
wherein the elements capable of forming a com- 
pound with lithium are at least one element 
selected from silicon and germanium. 

3. A lithium secondary battery according to Claim 1 , 
wherein the carbonaceous material for a plurality of 
layers comprises a carbonaceous material (A) and 
a carbonaceous material (B), the carbonaceous 
material (A) being enclosed by the carbonaceous 
material (B). 

4. A lithium secondary battery according to Claim 3, 
wherein the carbonaceous material (A) is com- 
posed of crystalline carbon and the carbonaceous 
material (B) is composed of amorphous carbon. 

5. A lithium secondary battery according to Claim 3, 
wherein the carbonaceous material (B) is harder 
than the carbonaceous material (A). 

6. A lithium secondary battery according to Claim 1 , 
wherein at least one of the elements capable of 
forming a compound with lithium is contained in an 
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amount of less than 30% by weight on the basis of 
sum total of the negative electrode-active material. 

7. A method for using a lithium secondary battery 
according to Claim 1 in an electric car as a battery 5 
assembly. 

8. A process for producing a lithium secondary bat- 
tery, which comprises: 

10 

(a) a step of mechanically treating a carbona- 
ceous material (A) and at least one of elements 
capable of forming a compound with lithium 
and having a melting point of at least 900°C 
and a thermal expansion coefficient of not is 
more than 9 ppm/K at room temperature, 

(b) a step of mixing the particles resulting from 
the step (a) and a precursor of a carbonaceous 
material (B), 

(c) a step of carbonizing the particles resulting 20 
from the step (b), thereby forming a negative 
electrode-active material, and 

(d) a step of arranging a positive electrode (2, 
13, 31, 61), a negative electrode (4, 16, 32, 62) 
containing said negative electrode-active mate- 25 
rial and a lithium ion conductive, non-aqueous 
electrolytic solution or polymer electrolyte into 

a container. 

9. A process according to Claim 8, wherein at least 30 
one of the elements capable of forming a com- 
pound with lithium is at least one element selected 
from silicon and germanium. 

1 0. A process according to Claim 8, wherein heat treat- 35 
ment is carried out after the step (a). 

11. A process according to Claim 8, wherein the step 
(a) comprise pulverization with a ball mill. 

40 

12. A process according to Claim 8, wherein the step 
(a) comprises mechanical pressure welding. 
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